The accuracy of measurements of the intima-media thickness (IMT) and flow-mediated dilatation (FMD) of the brachial artery made using a new semiautomated ultrasound system and the relationships among those parameters and the Framingham Risk Score (FRS) as a predictor of coronary heart disease (CHD) are unknown. We enrolled 70 subjects, including 47 patients with cardiovascular risk factors and 23 normal healthy volunteers. IMT and FMD were simultaneously measured using a new semiautomated ultrasound system, and the measurements were compared with those obtained manually as a reference standard (study 1). In addition, we enrolled 200 consecutive patients with risk factors but no CHD to examine the relationships among IMT, FMD and the FRS. The optimal cutoff values of FMD and IMT were determined in 200 patients without CHD, and the subjects were classified into four groups. The 10-year Framingham risks for each group were compared (study 2). FMD and IMT measurements made using the new semiautomated ultrasound system showed a good correlation with the measurements determined manually (study 1). Furthermore, FMD and IMT showed a significant correlation with the FRS. The 10-year Framingham risk was markedly higher in group D (FMD o5.5% and IMT 40.3 mm; 19.0 ± 11.3%; study 2). In conclusion, the measurements made using a new semiautomated ultrasound system provided reliable and simultaneous evaluations of IMT and FMD. The combination of IMT and FMD measurements of the brachial artery may be beneficial for risk stratification of patients with cardiovascular risk factors but no CHD.
INTRODUCTION
Flow-mediated dilatation (FMD), which is a functional parameter of the brachial artery, reflects vascular endothelial function. [1] [2] [3] Many studies have shown the usefulness of this parameter in predicting cardiovascular events. [4] [5] [6] [7] [8] [9] [10] [11] Similarly, the intima-media thickness (IMT) of the carotid artery is a predictor of cardiovascular events in various subjects. Recently, the IMT of the brachial artery, a morphologic parameter, has also been associated with risk factors [12] [13] [14] and coronary endothelial function 15 in patients with coronary heart disease (CHD).
A new ultrasound system with a semiautomatic vessel wall tracking software program, in which A-mode wall tracking and B-mode edge detection methods are performed simultaneously, has been developed recently and has become available in clinical settings. This method provides an automated optimal positioning of the transducer on the brachial artery with a stereotactic arm, displays one longitudinal and two short-axis images of the brachial artery, permits multiple measurements along the vessel wall with simultaneous assessment of FMD and IMT, and is expected to increase the precision of FMD and IMT measurements and decrease observer variability. However, there has been no report evaluating the accuracy of the measurements of lumen diameter, FMD and brachial IMT by this system and software.
This study aimed to: (1) validate the accuracy of the newly developed semiautomated ultrasound system and software program for the measurement of lumen diameter, FMD and IMT compared with the values obtained using conventional manual measurements as a reference standard; and (2) examine the relationships among IMT and FMD, as measured using the new ultrasound system, and clinical variables, biochemical parameters and the Framingham Risk Score (FRS) as predictors of CHD and compare the 10-year Framingham risk among four groups that were classified by the optimal cutoff values of FMD and IMT based on receiver operating characteristic (ROC) curve analyses.
METHODS

Study protocols
Study 1: validation of the software program for measurements of the lumen diameter, FMD and IMT. We consecutively enrolled 70 subjects, including 47 patients (35 men) with cardiovascular risk factors (mean age, 61±13 years) and 23 normal healthy volunteers (21 men) with no cardiovascular risk factors (mean age, 25 ± 4 years). Hypertension was considered to be systolic blood pressure X140 mm Hg and/or diastolic blood pressure X90 mm Hg based on the average of two or more readings taken on each of two or more different days; it was also considered to be the current use of antihypertensive drugs. Subjects with plasma low-density lipoprotein cholesterol levels 4140 mg dl À1 or those who were receiving cholesterol-lowering therapy were defined as hypercholesterolemic patients. Patients were regarded as diabetic if they were receiving treatment with insulin or oral hypoglycemic agents or if their hemoglobin A1c levels were 46.5%. Smokers were defined as subjects who had smoked regularly during the previous 12 months. A history of CHD and a family history of CHD were obtained.
Study 2: examination of the relationships between the FRS and IMT or FMD values obtained using the newly developed ultrasound system and a comparison of 10-year Framingham risk among classified groups. We consecutively enrolled 218 patients with cardiovascular risk factors; of the 218 patients, 18 patients with CHD were excluded. Therefore, correlations between FMD or IMT of the brachial artery and the FRS were examined in 200 patients (patient group; 142 men; mean age, 59±13 years) with risk factors but no CHD.
The subjects were classified into three groups according to the values of the brachial IMT, and the 10-year Framingham risk was compared among three groups.
In addition, ROC curve analyses were performed to determine the optimal cutoff values of FMD and IMT. The subjects were classified into four groups according to the cutoff values, and the 10-year Framingham risk was compared among the four groups. The definitions of cardiovascular risk factors were the same as those definitions used in study 1.
Written informed consent was obtained from all subjects for both studies.
Newly developed ultrasound system
A new ultrasound system with a semiautomatic vessel wall tracking software program (UNEXEF; Unex, Nagoya, Japan) provided one longitudinal and two short-axis images simultaneously using a newly developed 10 MHz H-type probe ( Figure 1 ). The ultrasound system also provided one processed A-mode line image of the brachial artery ( Figure 2 ) with a stereotactic probe holder, which was used for positioning the transducer at an optimal position on the brachial artery proximal to the bifurcation of the radial and ulnar arteries. Two short-axis images allowed the transducer to remain in the same position. On the processed A-mode line image, the echo signals reflected by the interfaces between the endothelium and blood on one side and between the blood and endothelium on the other side were identified for the vessel lumen, and their displacement was monitored. After selecting the desired interfaces on the display, the exact position of each interface was determined using the peak point of the A-mode and was tracked continuously. The B-mode edge detection method was automatically used to select the most likely position of the brachial artery on the interface and to maintain positional stability of the A-mode line. The B-mode edge detection method was also designed to automatically maintain the same position of the brachial artery on the interface by adjusting the deviation of the probe position during the periods before and after compression at the forearm to achieve a precise measurement of the vessel lumen. The electrocardiogram was used to detect each R wave, which allowed the recording of the vessel diameter to be synchronized with the end diastole. The vessel inner diameter at the end diastolic period was automatically and continuously measured for each pulse, and the measurement result was shown on the screen. All images during measurement were stored on hard drive memory for off-line analysis.
Ultrasound assessment of the brachial artery
All subjects were instructed to fast for at least 12 h; to stop heavy exercise for at least 24 h; to abstain from smoking and the consumption of alcohol, caffeine and antioxidant vitamins for at least 6 h; and to sleep soundly for at least 6 h the night before testing. If the subjects were premenopausal women, the tests were performed during the phase of the menstrual cycle. All drugs were withheld for at least 12 h before testing. All subjects were asked to rest in the sitting position in a quiet, air-conditioned and temperature-controlled room (22-25 1C) for 15 min. After the subjects had rested again for at least 15 min in a supine position in the same room, an ultrasound assessment of the brachial artery was performed between 0700 and 1159 h, according to the guidelines for ultrasound assessment of the FMD of the brachial artery. 16 One longitudinal image, two short-axis images and one processed A-mode line image of the brachial artery were recorded and stored on the hard drive for off-line measurements. Then, suprasystolic compression (at least 50 mm Hg above systolic blood pressure) was performed on the forearm for 5 min, and longitudinal images of the brachial artery were continuously recorded from 0 s after cuff inflation to 5 min after cuff release and were stored on the hard drive for off-line assessment.
The lumen diameter of the brachial artery, both at the baseline and at maximum dilatation, and the IMT of the brachial artery at baseline were automatically measured by an examiner blinded to the status and/or diagnoses of the subjects using the software program.
The values of the brachial artery diameter, both at baseline and at maximum dilatation, and the IMT of the brachial artery at baseline were measured manually using electronic calipers by an examiner blinded to the status and/or diagnoses of the subjects. The lumen diameters at both baseline and maximum dilatation were measured as the distance between the center of the near and far wall intima obtained from longitudinal B-mode images of the brachial artery. The lumen diameters were measured at three different sites per image per patient. IMT was assessed at the far wall as the distance between the Figure 1 Newly developed H-type probe. The H-type probe provided ultrasound images of one longitudinal and two cross-sectional views (right and left short-axis view) simultaneously.
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Clinical data and FRS
The medical records of each of the 47 (study 1) and 200 patients (study 2) were comprehensively reviewed for clinical data. The standard clinical definitions of CHD, peripheral artery disease and carotid artery disease were used. The definitions of hypertension, dyslipidemia, diabetes and smoking status were the same as the definitions described above. The FRS was calculated for all patients in study 2 according to the CHD score sheet for men and women. 17 
Statistical analysis
All values are expressed as the mean±s.d. (range) or as frequencies (percentage). Two-sample t-tests were used to compare the patients and the normal healthy volunteers. Relationships between values such as the lumen diameter of the brachial artery at baseline and at maximum dilatation and the IMT of the brachial artery at baseline obtained using manual measurements or the software were examined using linear least-squares regression analysis with limits-of-agreement analysis using the Bland and Altman 18 method. Inter-and intraobserver variability for the lumen diameter of the brachial artery at baseline and at maximum dilatation and the IMT of the brachial artery at baseline obtained using manual measurements or using the software were measured by analyzing 10 randomly selected patients and 5 randomly selected normal healthy volunteers by two independent blinded observers. All results were compared using a linear least-squares regression analysis with limits-ofagreement analysis using the Bland and Altman method. 18 Univariate and multivariate logistic regression analyses were used to examine associations between variables and IMT or FMD. Statistical analyses were performed using JMP statistical software version 9.0.2 (SAS Institute, Cary, NC, USA). Statistical significance was set at a value of Po0.05.
RESULTS
In study 1, we examined 47 patients with cardiovascular risk factors and 23 normal healthy volunteers. In study 2, 200 patients with cardiovascular risk factors but no CHD were examined. The characteristics of the subjects in these studies are summarized in Table 1 .
Measurements collected manually and using the software Table 2 shows the lumen diameter, FMD and IMT of the brachial artery analyzed manually and using the software. No differences were observed in the values measured manually and using the software. Figure 3a) . A good correlation was observed between the IMT of the brachial artery measured using the software and IMT measured manually (r ¼ Figure 3b ). 
Intra-and interobserver variability tests
The intraobserver correlation coefficients for the lumen diameter measurements at baseline, lumen diameter measurements at maximum dilatation and IMT measurements taken manually were 0.999 (Po0.0001, mean difference ¼ 0.021, s.d. ¼ 0.016), 0.998 (Po0.0001, mean difference ¼ 0.005, s.d. ¼ 0.031) and 0.966 (Po0.0001, mean difference ¼ 0.002, s.d. ¼ 0.016), respectively. The interobserver correlation coefficients for the lumen diameter measurements at baseline, lumen diameter
Relationship among IMT, FMD and FRS
In study 2, univariate analysis showed that FMD was significantly associated with brachial IMT (r ¼ À0.356, Po0.0001), brachial artery diameter at baseline (r ¼ À0.303, Po0.0001), age (r ¼ À0.233, Po0.0001) and sex (r ¼ 0.160, P ¼ 0.02). In addition, univariate analysis showed that IMT was significantly associated with FMD (r ¼ À0.356, Po0.0001), age (r ¼ 0.345, Po0.0001), brachial artery diameter at baseline (r ¼ 0.326, Po0.0001), sex (r ¼ 0.252, P ¼ 0.0002), systolic blood pressure (r ¼ 0.208, P ¼ 0.002), estimated glomerular filtration rate (r ¼ À0.196, P ¼ 0.004), waist circumference (r ¼ 0.152, P ¼ 0.030) and hemoglobin A1c level (r ¼ 0.150, P ¼ 0.032) in 200 patients with risk factors but no CHD (Table 3 ). Multivariate analysis showed that FMD correlated independently with brachial artery diameter, brachial IMT and age (Table 3 ). In addition, the IMT correlated independently with age, brachial artery diameter at baseline and FMD (Table 3 ). The FMD and IMT of the brachial artery significantly correlated with the FRS (r ¼ À0.279, Po0.0001 and r ¼ 0.318, Po0.0001, respectively). Furthermore, the multivariate model that included sex, brachial artery diameter at baseline, FMD and brachial IMT revealed that the FRS correlated independently with brachial IMT, FMD and sex ( Table 4) . 
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Optimal cutoff values of FMD (5.5%) and IMT (0.3 mm) were determined using the ROC curve analyses, and the subjects were classified into four groups as follows: group A (n ¼ 55), FMD X5.5% and IMT p0.3 mm; group B (n ¼ 23), FMD X5.5% and IMT 40.3 mm; group C (n ¼ 42), FMD o5.5% and IMT p0.3 mm; and group D (n ¼ 80), FMD o5.5% and IMT 40.3 mm. The 10-year Framingham risk was markedly higher in group D (19.0±11.3%) than in group A (11.0 ± 10.2%, Po0.0001), group B (12.9 ± 9.7%, P ¼ 0.01) or group C (13.2 ± 8.2%, P ¼ 0.003; Figure 5 ).
DISCUSSION
Our data show that measurements made using a novel semiautomatic vessel wall tracking system provided reliable simultaneous evaluations of lumen diameters of the brachial artery, both at baseline and at maximum dilatation, and of the IMT of the brachial artery. In addition, the IMT of the brachial artery in patients with cardiovascular risk factors correlated independently with FMD, age and brachial artery diameter at baseline. Furthermore, the IMT of the brachial artery was associated with the FRS.
Although IMT measurements of the carotid artery have been widely adopted in clinical research and practice, [19] [20] [21] [22] [23] limited data are available regarding the use of IMT measurements of the brachial artery. In addition, the IMT and FMD have been measured manually in the majority of previous studies, and these measurements were time consuming and subjective. Therefore, the development of an objective and easy method for assessing the IMT and FMD of the brachial artery is desirable. The measurements made using the novel system in the present study allowed for real-time and objective assessments of the IMT and FMD (Figure 2) . Most of the systems in previous investigations relied on the initial manual identification of the near and far walls and were not designed for continuous frame analysis, which is necessary to determine the time course of the response and maximum dilatation. 24 The software program used with the novel system provided one longitudinal image, two short-axis images and one processed A-mode line image of the brachial artery with a stereotactic probe holder. Two short-axis images allowed the probe to be maintained at the same position because any deviations in the probe position could be relatively easily observed. The exact positions of the selected interfaces between the endothelium and blood on one side and between the blood and endothelium on the other side were determined using the peak point of the A-mode and were tracked continuously with the simultaneous B-mode edge detection method. Therefore, the software program using the system provided adequate images for continuous frame analysis and enabled us to perform reliable and quick evaluations of both the IMT and FMD of the brachial artery. Measurements made using this novel system had not yet been appropriately validated against those made using traditional manual analyses; however, our study showed that the lumen diameters and IMT of the brachial artery measured using this software correlated well with the manual measurements of these parameters. Indeed, the average values of the IMT of the brachial artery in patients with risk factors and in normal healthy volunteers were similar to those reported in previous studies. 12, 13 Atherosclerotic changes in the brachial artery are generally diffuse in contrast to advanced lesions in the carotid artery, which suggests the advantages of using brachial IMT as a more sensitive indicator of systemic atherosclerotic risk. This newly developed software enabled us to perform instant, simultaneous and objective measurements of the IMT and FMD of the brachial artery.
Our study showed that IMT measurements of the brachial artery correlated independently with FMD, which has been well recognized as a useful marker for predicting cardiovascular events. Furthermore, we examined the relationships among the FMD, IMT and FRS. Park et al. 25 reported that the age-adjusted FRS was significantly correlated with FMD in 138 patients with stable angina. Our data showed that both IMT and FMD were significantly associated with the FRS and that the 10-year Framingham risk of group M (brachial IMT 40.3 mm) was significantly increased compared with that of group L (brachial IMT p0.3 mm; Figure 4 ). In addition, Figure 5 shows that the 10-year Framingham risk of group C (FMD o5.5% and IMT p0.3 mm) was not significantly decreased compared with that of group A (FMD X5.5% and IMT p0.3 mm) when the subjects were classified by optimal cutoff values of FMD and IMT on the basis of the ROC curve analyses. These results suggest that the combination of IMT and FMD measurements may be more beneficial than a single measurement of FMD to for risk stratification of patients with risk factors but no CHD. Furthermore, in a previous study, the brachial, common carotid and left anterior descending coronary arteries were examined at autopsy, and atherosclerosis was reported to occur commonly in the brachial artery and to be correlated with the presence and severity of coronary and carotid atherosclerosis. 26 These results suggest that IMT measurements of the brachial artery may be a promising predictor of atherosclerosis.
Study limitations
Although the FRS has been adopted as a surrogate for clinical outcomes in several previous studies in Japanese patients, there are no well-established data indicating that the FRS is related to clinical outcomes for Japanese patients. The IMT of the carotid artery has been extensively shown to be a surrogate measure of atherosclerosis associated with cardiovascular outcomes; however, the relationship between the IMT of the brachial artery and cardiovascular outcomes has not been completely investigated in this present study. [19] [20] [21] [22] [23] Additional clinical studies regarding the association between IMT of the brachial artery and cardiovascular outcomes are warranted.
Although previous studies have demonstrated relationships between the IMT of the carotid artery and FMD, [27] [28] [29] the association between the IMT values of the brachial and carotid arteries has not been investigated in this study. Further investigations are required to determine the relationship between brachial arterial and carotid arterial IMT.
CONCLUSIONS
The measurements made using a novel semiautomatic vessel walltracking system in this study provided reliable and simultaneous evaluations of the IMT and FMD of the brachial artery. The combination of measurements of the IMT and FMD of the brachial artery may be beneficial to for risk stratification of patients with risk factors but no CHD.
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